Supplementary Information

Model Simulation Algorithm
The model simulation algorithm from Chan and Odde(1) was updated from a fixed time step Monte Carlo simulation to a variable time step Gillespie Stochastic Simulation Algorithm (SSA), also known as a Kinetic Monte Carlo simulation (2) . Additionally, the order of events in the simulation was updated to:
1. Calculate the off-rate for each engaged clutch based on the clutch deformations 2. Determine event times based on clutch on-and off-rates (see Eq. 2) 3. Advance time by the minimum calculated event time 4. Execute the reaction corresponding to the minimum calculated event time (binding or unbinding of the particular clutch) 5. Calculate F-actin retrograde flow rate based on the current substrate deformation using as linear force-velocity relationship(1). 6. Advance engaged clutch positions by the product of the F-actin retrograde flow rate and time step. 7. Calculate substrate position through a force balance on the substrate and clutch springs 8. Return to step 1 This ordering ensures elastic equilibrium is achieved at the end of every time step, leading to more accurate calculation of clutch off-rate at the beginning of the next step. As shown in Figure  S1A , using the SSA algorithm resulted in behavior qualitatively similar to that obtained from our previous fixed time step algorithm. In particular, the biphasic dependence of F-actin retrograde flow rate (and equivalently traction force) remains a central and robust aspect of the model. By modest modification of a subset of model parameters, the SSA algorithm produces simulated model behavior consistent with our previous published data ( Fig. S1B and C) .
Analysis of each clutch parameter
The effect of each clutch parameter on the shape of F-actin retrograde flow rate as a function of substrate stiffness, and the position of the optimum is examined below.
Clutch on-rate (k on ): An increase in k on causes an increase in the average number of clutches bound on any stiffness. This causes the ensemble clutch stiffness (see Fig. 6A and B) to increase, which results in an increase in the optimum stiffness. A large increase in k on eventually causes a stalled system because more clutches are bound at any given time, providing too much resistance for the motors to break all of the clutch bonds. A decrease in k on decreases the ensemble clutch stiffness, which shifts the optimum to lower stiffnesses. A large decrease causes few clutches to be bound at any given time resulting in a free flowing system because the motors quickly break the clutch bonds.
Clutch bond rupture force (F b ): An increase in F b causes an increase in the average number of clutches bound on any stiffness. This causes an increase in the ensemble clutch stiffness, which results in an increase in the optimum stiffness. A large increase in F b causes a stalled system because more clutches are bound at any given time, providing too much resistance for the motors to break all of the clutch bonds. A decrease in F b decreases the ensemble clutch stiffness, which shifts the optimum stiffness to lower values. A large decrease causes few clutches to be bound at any given time resulting in a free flowing system because the motors quickly break the clutch bonds.
Number of clutches (n c ): An increase in n c causes an increase in the average number of clutches bound on any stiffness. This causes the ensemble clutch stiffness to increase, which increases the optimum stiffness. A large increase in n c causes a stalled system because more clutches are bound at any given time, providing too much resistance for the motors to break all of the clutch bonds. A decrease in n c decreases the ensemble clutch stiffness, in turn decreasing the optimum stiffness. A large decrease causes few clutches to be bound at any given time resulting in a free flowing system because the motors quickly break the clutch bonds.
Clutch stiffness (κ c ): An increase in κ c means that clutch bonds are stiffer, which, by itself, would tend to increase the ensemble clutch stiffness and shift the optimum to higher substrate stiffness. However, stiffer clutch bonds also tend to load quickly and therefore fail quickly, which decreases the average number of engaged clutches. By itself, the decreased number of engaged clutches would decrease the ensemble clutch stiffness. Combined, these two opposing effects might effectively cancel each other, and in fact this is observed in our simulations. The only obvious effect of increasing clutch stiffness is that the retrograde flow rate on high substrate stiffnesses (i.e. well above the optimum) increases. In this high stiffness frictional slippage regime (see Fig. 6E ), the decreasing number of engaged clutches as the clutch stiffness increases means that the system is tending toward free flowing (i.e. higher F-actin retrograde flow rate). In the low stiffness frictional slippage regime (i.e. below the optimum, see Fig. 6E ), the substrate stiffness is softer than the ensemble clutch stiffness, and in this regime clutches tend to fail spontaneously prior to reaching appreciable loads. For this reason, the model behavior in the low substrate stiffness regime is insensitive to the mechanical properties of the clutch itself. This is perhaps one of the most surprising findings of the single parameter changes: the optimum stiffness is insensitive to the clutch stiffness, the only parameter that describes a cellular mechanical property.
Motor stall force (F m ):
An increase in F m strengthens the motors and decreases the load-and-fail cycle time, which shifts the optimum stiffness to lower values. A large increase in F m causes clutch bonds to quickly break and results in a free flowing system. A decrease in F m weakens the motors and increases the load-and-fail cycle time, which shifts the optimum stiffness to higher values. A large decrease weakens the motors to the point where they cannot break the clutch bonds and the system stalls.
Number of motors (n m ):
An increase in n m strengthens the motors and decreases the load-and-fail cycle time, which decreases the optimum stiffness. A large increase in n m causes clutch bonds to quickly break and results in a free flowing system. A decrease in n m weakens the motors and increases the load-and-fail cycle time, which increases the optimum stiffness. A large decrease weakens the motors to the point where they cannot break the clutch bonds and the system stalls.
Clutch unloaded off-rate (k off ): An increase in k off is similar to an increase in k on in that it causes a decrease in the average number of clutches bound on any stiffness, which results in a decrease in the optimum stiffness. A large increase in k off causes few clutches to be bound at any given time resulting in a free flowing system because the motors quickly break the clutch bonds. A decrease in k off increases the ensemble clutch stiffness, in turn increasing the optimum stiffness. A large decrease causes a stalled system because more clutches are bound at any given time, providing too much resistance for the motors to break all of the clutch bonds.
Motor unloaded velocity (v u ): An increase in v u strengthens the motors and decreases the load-and-fail cycle time, which shifts the optimum stiffness to lower values. A large increase in v u does not cause a free flowing system, but it does cause F-actin retrograde flow rates above the physiologically relevant limit. A decrease in v u weakens the motors and increases the load-and-fail cycle time, which shifts the optimum stiffness to higher values. A large decrease essentially stalls the system because all retrograde flow is near zero.
Analysis of select dual parameter changes
Dual parameter changes can shift the optimum stiffness over a wide range of values, as long as the changes compensate for each other by avoiding the transitions to either free flowing or stalled states. Below, two examples are explained in further detail.
Number of clutches/number of motors (n c /n m ): An increase in n c by itself shifts the optimum higher and eventually will stall the system. A compensatory increase in n m rescues the stalled system but shifts the optimum to lower stiffnesses. However, the optimum has a higher positive sensitivity to the clutches than it has a negative sensitivity to the motors (see Fig. 3B ). The result is a shift of the optimum stiffness to higher values, but with a lower sensitivity value (S). Although the sensitivity of the optimum to the dual parameter change is less, the range is much larger resulting in a high sensitivityrange (SR, see Fig. 5A-C) .
Clutch on-rate/Clutch off-rate (k on /k off ): An increase in k on by itself shifts the optimum higher and eventually will stall the system. A compensatory increase in k off rescues the stalled system but shifts the optimum to the left. However, the optimum has a higher positive sensitivity to the on-rate than it has a negative sensitivity to the unloaded off-rate (see Fig. 3B ). The result is a shift of the optimum stiffness to higher values, but with a lower sensitivity value (S). Although the sensitivity of the optimum to the dual parameter change is less, the range is much larger resulting in a high sensitivity-range (SR, see Fig.  5A -C). 
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